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The chrysanthemum (Chrysanthemum morifo-
lium) has been cultivated worldwide, is widely used 
as a cut flower, potted plant, and in landscaping too, 
second only to the rose in terms of its market value 
(Guan et al. 2017). The chrysanthemum often suffers 
from a broad range of environmental stresses, e.g., 
cold, heat, drought, and high salinity. As one of the 

major adverse environmental stresses that  hin-
der plant  growth worldwide, the  threat  of drought 
stress is increasing due to  the adverse  global cli-
mate changes (Teuling 2018). Photosynthesis is very 
susceptible to  environmental changes and is often 
the  first process that  is affected by  drought stress. 
Drought stress decreases the internal CO2 concen-
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and distilled water was added until a 0.06 mol/L con-
centration was obtained. An equal amount of etha-
nol was added to the controls.

Experimental design. The experiment was carried 
out in a rain shelter greenhouse under natural daylight 
conditions in  Xinxiang, China  (35°18'N, 113°52'E) 
from March to  August 2021. The  seeds of  Artemi-
sia  annua  were sown in  plastic pots (30  cm in  di-
ameter × 25 cm in depth) filled with a 1 : 1 : 1 (v/v/v) 
mixture of peat, perlite, and vermiculite. The chry-
santhemum cultivar ‘FY’ was  propagated by  stem 
cuttings and grown in plastic pots (30 cm in diam-
eter × 25 in depth) filled with a 1 : 1: 1 (v/v/v) mix-
ture of  peat, perlite, and vermiculite. On May 1st, 
healthy Artemisia annua plants 30 cm in height and 
with a 6-mm stem diameter were used as the root-
stocks, and apical shoots with a length of 15 cm and 
a  stem diameter of  4 mm from healthy chrysan-
themums were used as  the scions. Insert  grafting 
was performed as described by Lee (1994). In order 
to  maintain high humidity, the  grafted seedlings 
were covered with a  layer of  transparent plastic 
film, and the  grafted seedlings were placed in  the 
shade for  72 hours. The  plastic film was  removed 
for  a  short time during the  initial days to  control 
the relative humidity, and it was completely removed 
after 10 days of  grafting. The  pots were watered 
to soil saturation every day and a multi-purpose fer-
tiliser was applied every week together with irriga-
tion. After 30 days of grafting, morphologically uni-
form  grafted-root and own-root chrysanthemums 
were selected for  the drought stress and BL treat-
ments. The  drought treatment and BL treatment 
were carried out at  the same time. Drought stress 
was  imposed by  withholding water from the  plots 
until the soil water potential was achieved. During 
the test, the three levels of soil water potential were 
80% of field capacity (–0.075 MPa, CK), 60% of field 
capacity (–0.140  MPa) and 40% of  field capacity 
(–0.380  MPa). The  soil water potential was  meas-
ured by a pressure plate apparatus (Shimadzu, CL-
800, Kyoto, Japan) and the  amount of  water loss 
was supplied to each plot to maintain the intended 
soil water content. A brassinolide solution with con-
centration of  0.06  mol/L was  sprayed at  7:00–8:00 
in  the morning until the  solution slid off the  leaf 
surface. All the treatments were arranged in a ran-
domised complete block design with five replica-
tions. Each replicate line was  comprised of  five 
rows, and each row had five individuals. The spacing 
between the rows/individuals was 50 cm. The treat-

tration, inhibits the Rubisco activity and adenosine 
triphosphate (ATP) synthesis, and leads to  a  de-
crease in  the net photosynthetic rate (PN) (Zhang 
et al. 2021). Moreover, drought stress causes oxida-
tive damage via  the increasing accumulation of re-
active oxygen species (ROS), which reduces photo-
synthesis, alters the activities of enzymes and causes 
cell membrane damage (Dias, Brüggemann  2007). 
To decrease these damages, plants have evolved dif-
ferent pathways, such as increasing the antioxidant 
compounds, either the  non-enzymatic or enzy-
matic ones. The  ascorbate-glutathione (AsA-GSH) 
cycle may  have an  important role in  maintaining 
the cell redox status in plants, especially under abi-
otic stress. AsA and GSH are major non-enzymatic 
antioxidants, while ascorbate peroxidase (APX), 
monodehydroascorbate reductase (MDHAR), de-
hydroascorbate reductase (DHAR), and glutathione 
reductase (GR) have essential roles in the AsA-GSH 
cycle (Hu, Shan 2018; Sadura, Janeczko 2018).

Grafting is widely used to improve the abiotic/bi-
otic stress tolerance of many types of plants (Huang 
et al. 2016, Sun et al. 2020). Previous research has sug-
gested that  the herbaceous  genus Artemisia  pro-
vides a useful rootstock for  enhancing the abiotic/
biotic stress tolerance in  chrysanthemums (Chen 
et al. 2018; Zhang et al. 2019). Furthermore, treat-
ment with a  growth regulator  has  been demon-
strated to be an effective strategy in improving plant 
tolerance to environmental stresses (Hu et al. 2013; 
Sang et al. 2016). As a plant growth regulator, brassi-
nolide (BL) is used to increase the growth and qual-
ity of cultivated plants (Hu et al. 2013), and enhance 
the plant’s tolerance to a variety of abiotic and biotic 
stresses (Tanveer et al. 2018; Li et al. 2020). However, 
the influence of BL on the photosynthesis and AsA-
GSH cycle in  grafted-root and own-root chrysan-
themums under drought stress is still unclear. This 
study aims to  investigate whether BL can improve 
the drought tolerance of grafted-root and own-root 
chrysanthemums and to clarify the underlying phys-
iological mechanism.

MATERIAL AND METHODS 

Material. In this experiment, the commercial Ar-
temisia annua rootstock cultivar ‘Bai121’ and land-
scaping type chrysanthemum cultivar ‘FY’ (Chry-
santhemum morifolium) were used. The brassinolide 
(Sigma, USA) was prepared as an ethanolic solution, 



61

Horticultural Science (Prague), 51, 2024 (1): 59–67	 Original Paper

https://doi.org/10.17221/177/2022-HORTSCI

ments were: (1) well-watered (–0.075  MPa) and 
non-BL; (2) well-watered (–0.075 MPa) and sprayed 
with BL; (3) –0.140  MPa  drought stress and non-
BL; (4) –0.140 MPa drought stress and sprayed with 
BL; (5) –0.380  MPa  drought stress and non-BL; 
(6)  –0.380  MPa  drought stress and sprayed with 
BL. Five individual plants were chosen randomly 
from each line of  each treatment at  day 10  after 
the  drought stress and BL treatments and were 
used for  testing the  relevant parameters. The  PN 
and Chl fluorescence parameters were measured on 
the uniform third fully expanded leaf (from the top). 
The flesh samples (fully-expanded leaves) were col-
lected and used for testing the AsA/DHA and GSH/
GSSG ratios, H2O2 content and enzyme activity. 
The dry mass was determined in August. 

Relative water content (RWC). The relative wa-
ter content was determined on the fresh third fully 
expanded leaf (from the top) discs measuring 2 cm 
in  diameter. The  RWC was  calculated according 
to Hayat et al. (2007). Each result shown is the mean 
of 5 replicated treatments. 

Net photosynthetic rate (PN). The LI6400 port-
able photosynthesis system (LI-COR co., USA) 
was used to measure the PN of the third leaf (from 
the  top) at  10:00 in  a  day. Each result shown is 
the mean of 5 replicated treatments.

Chl fluorescence parameters. The  Chl fluores-
cence parameters were measured on the  uniform 
third fully expanded leaf (from the top) using a port-
able chlorophyll fluorometer (Mini-PAM, Heinz 
Walz GmbH, Effeltrich, Germany) under natural 
environmental conditions, on sunny days with air 
temperatures about 28  °C with a  relative humidity 
about 70%, between 9:00 and 11:00 hours. The mean 
values of  the leaf maximum photochemical effi-
ciency of  PSII (Fv/Fm) and the  actual photochemi-
cal efficiency of PSII (ΦPSII) were calculated accord-
ing to Baker (2008). Each result shown is the mean 
of 5 replicated treatments. 

The H2O2 content. The  hydrogen peroxide con-
tent was  measured spectrophotometrically after 
reaction with potassium iodide (KI) as  described 
by Liu et al. (2018). Each result shown is the mean 
of 5 replicated treatments.

Rubisco (EC. 4.1.1.39) activity (initial). Rubisco 
was  extracted according to  Chen et  al. (2005) and 
the Rubisco activity was assayed according to Cheng 
and Fuchigami (2000). The  sample extract (50  μL) 
was added to a cuvette containing 900 μL of an as-
say solution, immediately followed by adding 50 μL 

of 10 mM RuBP, then mixing well. The change in ab-
sorbance at 340 nm was monitored for 40 s. The assay 
solution contained 100  mM HEPES-KOH (pH  8.0), 
25 mM KHCO3, 20 mM MgCl2, 3.5 mM ATP, 5 mM 
phosphocreatine, 5  units NAD-glyceraldehyde-
3-phosphate dehydrogenase (NAD-GAPDH, EC 
1.2.1.12), 5 units 3-phosphoglyceric phosphokinase 
(PCK, EC 2.7.2.3), 17.5 units creatine phosphokinase 
(EC 2.7.3.2), 0.25  mM NADH, 0.5  mM RuBP, and 
50 μL sample extract. Each result shown is the mean 
of 5 replicated treatments.

The the activity of dehydroascorbate reduc-
tase (DHAR, EC 1.8.5.1), monodehydroascorbate 
reductase (MDHAR, EC 1.6.5.4),  glutathione re-
ductase (GR, EC 1.8.1.7) and ascorbate peroxidase 
(APX, EC 1.11.1.11). The DHAR, MDHAR, GR and 
APX activities were measured according to  Noctor 
et al. (2016). Each result shown is the mean of 5 rep-
licated treatments.

Ascorbate (AsA)/dehydroascorbate (DHA) 
and  glutathione (GSH)/oxidised  glutathione 
(GSSG) analysis. The ascorbate and DHA contents 
were measured according to Ueda et al. (2013) and 
the  ratio between the  AsA content and the  DHA 
content was  expressed as  AsA/DHA. The  GSSG 
and GSH contents were measured according to Rao 
and Ormrod (1995) and the ratio between the GSH 
content and the  GSSG content was  expressed 
as  GSH/GSSG. Each result shown is the  mean 
of 5 replicated treatments.

Dry mass per plant. An  electronic balance 
was used to analyse the dry mass (g). The mean value 
was derived from 5 sample plants.

Statistical analysis. All the  data  in the  present 
study were expressed as the Mean ± SD. The analysis 
of  the significance was  performed using SAS soft-
ware (SAS Institute, Inc., Cary, NC, USA). A three-
way analysis of variance (ANOVA) method (Tukey’s 
multiple range test) was used to detect the  signifi-
cance (P < 0.05).

RESULTS

This experiment showed that the RWC, PN, Fv/Fm, 
ΦPSII and Rubisco activity of all the chrysanthemums 
decreased with the  reduced soil water content (Ta-
ble 1). The drought stress (DS) significantly (P < 0.05) 
reduced the RWC, PN, Fv/Fm, ΦPSII and Rubisco ac-
tivity and the  magnitude of  the decrease in  these 
parameters were  greater in  the own-root line than 
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in  the  grafted-root line. The  RWC, PN, Fv/Fm, ΦPSII 
and Rubisco activity of  the own-root line decreased 
by 24.3%, 23.9, 20.9%, 23.1% and 34.0% (–0.140 MPa), 
and 38.6%, 71.0%, 45.5%, 38.0% and 75.7% 
(–0.380  MPa), respectively, while those of  grafted-
root line decreased by 14.6%, 13.7%, 12.0%, 14.8% and 
29.3 % (–0.140 MPa), and 24.2%, 46.5%, 31.0%, 30.0% 
and 61.3% (–0.380  MPa), respectively. Brassinolide 
improved the RWC, PN, Fv/Fm, ΦPSII and Rubisco ac-
tivity in all the chrysanthemums under the well-wa-
tered (WW) and DS treatments (Table 1), and the im-
provement in  the magnitude of  these parameters 
was  greater in  the own-root line than in  the  graft-
ed-root line. The  RWC, PN, Fv/Fm, ΦPSII and Rubis-
co activity of  the own-root line increased by 0.86%, 
15.2%, 8.0%, 12.9% and 15.3% (–0.075  MPa), 12.3%, 
21.8%, 17.1%, 22.0% and 21.8% (–0.140  MPa), and 

20.1%, 70.5%, 28.0%, 23.7% and 44.8% (–0.380 MPa), 
respectively, while those of  the  grafted-root line 
increased by  0.31%, 14.0%, 6.3%, 6.9% and 7.7% 
(–0.075  MPa), 8.6%, 17.6%, 10.4%, 9.3% and 12.9% 
(–0.140 MPa), and 14.9%, 29.8%, 15.5%, 11.8% and 
26.8% (–0.380 MPa), respectively. 

Drought stress significantly increased the  H2O2
 

content compared with the WW condition (Table 2). 
The  H2O2

 content of  all the  chrysanthemums in-
creased when the drought stress increased (Table 2), 
and the increase in the magnitude of the H2O2

 con-
tent was  more apparent in  the own-root line than 
in  the  grafted-root line. The  H2O2

 content of  the 
own-root line increased by 74.9% (–0.140 MPa) and 
209.6% (–0.380  MPa), while that  of  grafted-root 
line increased by  46.6% (–0.140  MPa) and 120.9% 
(–0.380 MPa). Brassinolide reduced the H2O2

 con-

Traits Water levels O BL-O G BL-G

RWC
–0.075 MPa 93.3 ± 4.6a 94.1 ± 4.1a 94.5 ± 3.9a 94.8 ± 4.2a

–0.140 MPa 70.6 ± 2.2b 79.3 ± 3.2c 80.7 ± 2.5c 87.6 ± 2.5d

–0.380 MPa 57.3 ± 1.7e 68.8 ± 1.6b 71.6 ± 2.1b 82.3 ± 2.8c

PN

–0.075 MPa 6.32 ± 0.27a 7.28 ± 0.32b 8.52 ± 0.37c 9.71 ± 0.39d

–0.140 MPa 4.81 ± 0.18e 5.86 ± 0.21f 7.35 ± 0.29b 8.64 ± 0.35c

–0.380 MPa 1.83 ± 0.07g 3.12 ± 0.10h 4.56 ± 0.18e 5.92 ± 0.23f

Fv/Fm

–0.075 MPa 0.76 ± 0.028a 0.82 ± 0.035b 0.83 ± 0.036b 0.88 ± 0.037c

–0.140 MPa 0.60 ± 0.022d 0.71 ± 0.026e 0.73 ± 0.031ae 0.81 ± 0.032b

–0.380 MPa 0.42 ± 0.013f 0.53 ± 0.018g 0.57 ± 0.022d 0.66 ± 0.029h

ΦPSII

–0.075 MPa 0.50 ± 0.021a 0.57 ± 0.023bc 0.59 ± 0.025b 0.63 ± 0.028d

–0.140 MPa 0.39 ± 0.013e 0.47 ± 0.016f 0.51 ± 0.019a 0.55 ± 0.022c

–0.380 MPa 0.31 ± 0.011g 0.39 ± 0.012e 0.42 ± 0.015h 0.46 ± 0.018f

Rubisco activity
–0.075 MPa 0.75 ± 0.025a 0.87 ± 0.032b 0.99 ± 0.032c 1.06 ± 0.037d

–0.140 MPa 0.50 ± 0.018e 0.60 ± 0.021f 0.70 ± 0.025g 0.79 ± 0.028a

–0.380 MPa 0.18 ± 0.007h 0.27 ± 0.011i 0.38 ± 0.013j 0.48 ± 0.016e

Table 1. The RWC (%), PN (μmol/m2.s), Fv/Fm, ΦPSII and Rubisco activity (μmol/min.g) of the own-root and grafted-
root chrysanthemums under different water treatments (mean ± SD)

a–jDifferent letters are significantly different (P < 0.05) in each trait
RWC – relative water content; PN – net photosynthetic rate; Fv/Fm – maximum photochemical efficiency of PSII; ΦPSII – 
actual photochemical efficiency of PSII; G – grafted-root chrysanthemum; O – own-root chrysanthemum; BL – brassinolide

Water levels O BL-O G BL-G
–0.075 MPa 7.92 ± 0.26a 7.56 ± 0.22a 6.98 ± 0.23b 6.75 ± 0.19b

–0.140 MPa 13.85 ± 0.49c 12.15 ± 0.47d 10.23 ± 0.38e 9.25 ± 0.30f

–0.380 MPa 24.52 ± 0.88g 19.46 ± 0.75h 15.42 ± 0.61i 13.42 ± 0.48c

Table 2. The H2O2 content (μmol/g) of the own-root and grafted-root chrysanthemums under different water treat-
ments (mean ± SD)

a–iDifferent letters are significantly different (P < 0.05)
O – own-root chrysanthemum; G – grafted-root chrysanthemum; BL – brassinolide
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tent in the WW lines, but did not significantly affect 
the parameter. Meanwhile, BL significantly reduced 
the  H2O2

 content in  the DS lines (Table 2). Addi-
tionally, BL decreased the H2O2

 content more dra-
matically in  the own-root line than in  the grafted-
root line under all the  water conditions (Table  2). 
The  H2O2

 content of  the own-root line decreased 
by 4.5% (–0.075 MPa), 12.3% (–0.140 MPa) and 20.6% 
(–0.380 MPa), while that of the grafted-root line de-
creased by  3.3% (–0.075  MPa), 9.6% (–0.140  MPa) 
and 13.0% (–0.380 MPa).

Brassinolide improved the  APX, MDHAR and 
DHAR activities of  all the  chrysanthemums under 
the WW and DS treatments (Table 3), and the im-
provement in  the magnitude of  these parameters 
was greater in  the own-root line than in  the graft-
ed-root line. The  drought stress significantly de-
creased the  GR activity compared with the  WW 
treatment (Table 3). The  decrease in  the magni-
tude of the GR activity was greater in the own-root 
line than in  the  grafted-root line. Brassinolide im-
proved the  GR activity in  all the  chrysanthemums 
under the  WW and DS conditions (Table 3), and 
the improvement in the magnitude of the parameter 
was greater in  the own-root line than in  the graft-
ed-root line. Moreover, the APX, GR, MDHAR and 
DHAR activities of the grafted-root line were signifi-
cantly (P < 0.05) higher than those of the own-root 
line under the DS conditions (Table 3). 

The drought stress significantly decreased 
the  AsA/DHA, GSH/GSSG and dry mass of  all 

the  chrysanthemums (Table 4). However, the  DS 
decreased the  AsA/DHA, GSH/GSSG and dry 
mass more dramatically in the own-root line than 
in  the  grafted-root line. The  AsA/DHA, GSH/
GSSG and dry mass of the own-root line decreased 
by  73.8%, 80.0 % and 37.5 % (–0.140  MPa), and 
87.8%, 91.3% and 52.4% (–0.380 MPa), respectively, 
while those of grafted-root line decreased by 61.6%, 
64.0 % and 21.2% (–0.140 MPa), and 77.1%, 79.4% 
and 40.0% (–0.380 MPa), respectively. Brassinolide 
improved the AsA/DHA, GSH/GSSG and dry mass 
of  all the  chrysanthemums under the  three water 
levels (Table 4), and the improvement in the mag-
nitude of these parameters was greater in the own-
root line than in  the  grafted-root line. The  AsA/
DHA, GSH/GSSG and dry mass of the own-root line 
increased by  8.3%, 9.3% and 14.4% (–0.075  MPa), 
24.5%, 27.7% and 31.3% (–0.140 MPa), and 38.2%, 
44.8% and 29.1% (–0.380  MPa), respectively, 
while those of grafted-root line increased by 5.4%, 
6.4% and 8.3% (–0.075  MPa), 13.1%, 17.4% and 
16.9% (–0.140  MPa), and 30.9%, 28.4% and 21.2% 
(–0.380 MPa), respectively.

Drought significantly affected the  above param-
eters in all the chrysanthemums (Tables 1–4). Un-
der mild drought (–0.140  MPa), the  order of  vari-
ation in  the magnitude was  GSH/GSSG, H2O2, 
AsA/DHA, APX, dry mass, GR, MDHAR, Rubisco, 
DHAR, RWC, PN, ΦPSII and Fv/Fm in the own-root 
line, and APX, GSH/GSSG, AsA/DHA, MDHAR, 
H2O2, DHAR, Rubisco, GR, dry mass, ΦPSII, RWC, 

Traits Water levels O BL-O G BL-G

APX
–0.075 MPa 2.96 ± 0.11a 3.17 ± 0.12b 3.23 ± 0.11b 3.42 ± 0.12c

–0.140 MPa 4.55 ± 0.19d 5.17 ± 0.19e 5.62 ± 0.23f 6.07 ± 0.26g

–0.380 MPa 3.22 ± 0.11b 4.32 ± 0.16h 4.89 ± 0.19i 5.41 ± 0.22ef

DHAR
–0.075 MPa 34.62 ± 1.23a 38.23 ± 1.54b 39.53 ± 1.29b 42.02 ± 1.57c

–0.140 MPa 43.53 ± 1.87c 50.14 ± 2.09d 52.84 ± 2.13e 57.42 ± 2.25f

–0.380 MPa 18.65 ± 0.69g 23.12 ± 0.82h 27.45 ± 1.04i 30.83 ± 1.13j

GR
–0.075 MPa 0.94 ± 0.032a 1.03 ± 0.037b 1.09 ± 0.039c 1.16 ± 0.046d

–0.140 MPa 0.61 ± 0.021e 0.77 ± 0.029f 0.81 ± 0.028g 0.96 ± 0.039a

–0.380 MPa 0.32 ± 0.011h 0.45 ± 0.018i 0.49 ± 0.017j 0.60 ± 0.025e

MDHAR
–0.075 MPa 0.76 ± 0.028a 0.82 ± 0.032b 0.84 ± 0.035bc 0.89 ± 0.034c

–0.140 MPa 1.02 ± 0.039d 1.13 ± 0.046e 1.33 ± 0.056f 1.43 ± 0.061g

–0.380 MPa 0.64 ± 0.023h 0.73 ± 0.027a 0.75 ± 0.028a 0.83 ± 0.032b

Table 3. The APX, GR, MDHAR and DHAR activities (μmol/min g) of the own-root and grafted-root chrysanthemums 
under the different water treatments (mean ± SD)

a–jDifferent letters are significantly different (P < 0.05) in each trait
O – own-root chrysanthemum; G – grafted-root chrysanthemum; BL – brassinolide, APX – ascorbate peroxidase; GR – glu-
tathione reductase; MDHAR – monodehydroascorbate reductase; DHAR – dehydroascorbate reductase
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PN and Fv/Fm in the grafted-root line; Under severe 
drought (–0.380 MPa), the order of variation in the 
magnitude was H2O2, GSH/GSSG, AsA/DHA, Ru-
bisco, PN, GR, dry mass, APX, DHAR, Fv/Fm, RWC, 
ΦPSII and MDHAR in the own-root line, and H2O2, 
GSH/GSSG, AsA/DHA, Rubisco, GR, APX, PN, 
dry mass, Fv/Fm, DHAR, ΦPSII, RWC and MDHAR 
in the grafted-root line.

DISCUSSION

In the  present study, the  DS reduced the  RWC, 
PN, Fv/Fm, ΦPSII and Rubisco activity in the own-root 
and  grafted-root chrysanthemums (Table 1), and 
the  results were in  agreement with previous stud-
ies (Sun et  al. 2013; Erb, Zarzycki 2018). However, 
the parameters of the own-root line were more sen-
sitive to drought stress compared to the grafted-root 
line, resulting in a decrease in the magnitude of those 
parameters that was greater in the own-root line than 
in  the  grafted-root line (Table 1). As  a  rootstock, 
the root system of Artemisia annua is more vigorous 
than that of the chrysanthemum (Chen et al. 2018). 
We reasoned that  the vigorous root of  the Artemi-
sia  annua  rootstock could enhance the  efficiency 
in the uptake of water in the grafted-root chrysanthe-
mum which contributed to  alleviating the  negative 
effect of the drought on the RWC of the chrysanthe-
mum. As a result, the RWC values of the grafted-root 
line were higher than those of the own-root line un-
der both the WW and DS conditions, especially un-
der the DS conditions (Table 1). The higher RWC is 
beneficial in  improving the PN, Fv/Fm, ΦPSII and Ru-

bisco activity in the DS plants. Therefore, the PN, Fv/
Fm, ΦPSII and Rubisco activities were up-regulated 
in the grafted-root chrysanthemum versus the own-
root chrysanthemum under both the  WW and DS 
conditions (Table 1). Furthermore, BL improved 
the RWC, PN, Fv/Fm, ΦPSII and Rubisco activity of all 
the  chrysanthemums, especially under drought 
stress (Table 1). As  a  steroid hormone, BL amelio-
rates the  thylakoid membranes and chloroplast ul-
trastructure in stressed plants. The correct structure 
and functioning of the thylakoid membranes, where 
electron carriers are located, are essential to maintain 
a high PSII efficiency (Janeczko et al. 2016). This may 
be the reason why BL could alleviate the detrimental 
effect of drought stress on the Fv/Fm and ΦPSII in the 
chrysanthemum. Moreover, a  previous study re-
ported that BL promotes the expression of the genes 
encoding Rubisco (Xia et al. 2009). The brassinolide 
application increased the  Rubisco activity in  the 
chrysanthemum, especially under drought stress 
(Table 1), indicating that the expression of the genes 
encoding Rubisco in the chrysanthemum may be up-
regulated by  BL. Moreover, BL  has  a  positive effect 
on the osmotic maintenance and membrane integrity, 
which can alleviate the negative effect of  the DS on 
the  plant’s RWC (Khamsuk et  al. 2018). Therefore, 
the RWC, PN, Fv/Fm, ΦPSII and Rubisco activity were 
up-regulated in the BL line versus the corresponding 
non-BL line, especially under drought stress (Table 1). 
The  improvement in  these parameters is beneficial 
in  improving the photosynthetic capacity, efficiency 
of light energy utilisation and carbon fixation in the 
BL line and alleviate the  detrimental effect of  the 
DS on the  dry mass accumulation of  the own-root 

Traits Water levels O BL-O G BL-G

AsA/DHA
–0.075 MPa 1.08 ± 0.032a 1.17 ± 0.041b 1.22 ± 0.048b 1.28 ± 0.052c

–0.140 MPa 0.28 ± 0.011d 0.35 ± 0.012e 0.47 ± 0.017f 0.53 ± 0.019g

–0.380 MPa 0.13 ± 0.004h 0.18 ± 0.006i 0.28 ± 0.009d 0.36 ± 0.013e

GSH/GSSG
–0.075 MPa 19.38 ± 0.73a 21.16 ± 0.65b 23.43 ± 0.94c 24.94 ± 0.84d

–0.140 MPa 3.87 ± 0.11e 4.94 ± 0.17f 8.44 ± 0.32g 9.91 ± 0.28h

–0.380 MPa 1.69 ± 0.04i 2.45 ± 0.09j 4.83 ± 0.18f 6.20 ± 0.20k

Dry mass
–0.075 MPa 168.56 ± 6.27a 192.82 ± 7.53b 197.15 ± 7.53b 213.52 ± 8.26c

–0.140 MPa 105.38 ± 3.86d 138.32 ± 4.92e 155.36 ± 5.42f 181.56 ± 7.33g

–0.380 MPa 80.25 ± 2.85h 103.58 ± 3.86d 118.23 ± 4.07i 143.30 ± 5.19e

Table 4. The AsA/DHA, GSH/GSSG and dry mass (g) of the own-root and grafted-root chrysanthemums under dif-
ferent water treatments (mean ± SD)

a–kDifferent letters are significantly different (P < 0.05) in each trait
O – own-root chrysanthemum; G – grafted-root chrysanthemum; BL – brassinolide; AsA – ascorbate; GSH – glutathione; 
DHA – dehydroascorbate; GSSG – oxidized glutathione
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and grafted-root chrysanthemums (Table 4). Further-
more, the  improvement in  the magnitude of  these 
parameters in  the own-root line was  relatively high 
compared to the grafted-root line. These results sug-
gest that the own-root chrysanthemum and grafted-
root chrysanthemum responded differently to  BL. 
The discrepancy can be explained by the fact that the 
own-root chrysanthemum had lower values of these 
parameters than the  grafted-root chrysanthemum, 
resulting in  that  the own-root chrysanthemum  had 
a  higher increase potential in  these parameters un-
der the  BL treatment compared to  the  grafted-root 
chrysanthemum. On the other hand, abiotic stresses 
usually lead to  the accumulation of  reactive oxygen 
species (ROS), ROS induces damage to the constitu-
ent membrane elements by the accumulation of  the 
products of  lipid peroxidation, which cause oxida-
tive damage to plants (Yousuf et al. 2017). Our results 
showed that the DS significantly increased the H2O2 
content compared with the  WW treatment and 
the increase in the parameter was more pronounced 
in the own-root line than the grafted-root line, result-
ing in that the H2O2 content of the grafted-root line 
was significantly lower than that of the own-root line 
under the drought stresses (Table 2). Brassinolide sig-
nificantly reduced the H2O2 content in the DS chry-
santhemums (Table 2), and the mechanism might be 
that BL could lead to the inactivation of excessive ROS 
in plants (Sadura, Janeczko 2018). According to many 
researchers, ROS, in addition to the damaging action 
on cellular components and structures, also plays 
a  signalling role (Noctor et  al. 2016). The  excessive 
H2O2 in the chrysanthemum might act as a signalling 
molecule responded to  the DS which then triggers 
the  antioxidant system to  cope with the  DS caused 
by the excessive H2O2 accumulation. The ascorbate-
glutathione (AsA-GSH) cycle is an important compo-
nent of the antioxidant defence system in plants (Hu 
and Shan 2018). In this cycle, there are two non-enzy-
matic antioxidants, AsA and GSH, and four enzymes, 
including APX, MDHAR, DHAR and GR. Ascorbate 
peroxidase clears away the H2O2 by using the reduced 
AsA as an electron donor, which produces H2O and 
monodehydroascorbate (MDHA). The  monodehy-
droascorbate is reduced to ASA by MDHAR or further 
oxidised to dehydroascorbate. Dehydroascorbate uses 
GSH as a substrate to produce ASA and oxidised glu-
tathione (GSSG) under the catalysis of DHAR. Glu-
tathione reductase reduces the  GSSG to  reduced 
GSH. Therefore, the AsA-GSH cycle has an important 
role in clearing away the H2O2. In the present study, 

the  DS significantly attenuated the  AsA-GSH cycle, 
and led to an oxidised redox status of AsA and GSH, 
as shown by the decline in the AsA/DHA and GSH/
GSSG (Table 4). However, the Artemisia annua root-
stock could significantly alleviate the  detrimental 
effect of  the DS on the  AsA-GSH cycle due to  the 
APX, MDHAR, DHAR and GR activities, the  AsA/
DHA and GSH/GSSG of  the  grafted-root chrysan-
themum were significantly higher than those of  the 
own-root chrysanthemum under the drought stress-
es (Tables 3–4). Previous studies reported that  the 
rootstock can regulate the expression of some genes 
in  the scion (Ahsan et  al. 2019). It implies that  the 
Artemisia  annua  rootstock up-regulate the  expres-
sion of  the  genes encoding APX, MDHAR, DHAR 
and GR in  the grafted-root chrysanthemum, which, 
in turn, facilitates the AsA-GSH cycle, especially un-
der DS conditions. Previous studies have reported BL 
can regulate the  gene expressions at  transcriptional 
or post-transcriptional levels in  some plants (Deng 
et al. 2007, Xia et al. 2009). In the present study, BL 
significantly promoted the activity of APX, MDHAR, 
DHAR and GR in  the own-root and  grafted-root 
chrysanthemums under drought stresses, and re-
sulted in the reduced redox status of AsA and GSH, 
as shown by the increase in the AsA/DHA and GSH/
GSSG (Tables 3–4). It may imply that BL promoted 
the expression of the genes encoding the APX, MD-
HAR, DHAR and GR in  the chrysanthemum. Fur-
thermore, the BL positive effect on the own-root line 
was relatively high compared to the grafted-root line, 
we reasoned that the APX, MDHAR, DHAR and GR 
activities, AsA/DHA and GSH/GSSG of the own-root 
chrysanthemum were significantly lower than those 
of grafted-root chrysanthemum (Tables 3–4), there-
fore, the up-regulation potential of these parameters 
might be greater in the own-root line than in the cor-
responding grafted-root line under the BL treatment.

CONCLUSION

The DS significantly decreased the  RWC, inhib-
ited the PN, Fv/Fm, ΦPSII, Rubisco activity and AsA-
GSH cycle, and increased the H2O2 content, which 
led to a significant reduction in the dry mass of the 
own-root and grafted-root chrysanthemums. How-
ever, the detrimental effect of  the DS on these pa-
rameters was  greater in  the own-root line than 
in the corresponding grafted-root line. These results 
suggest that  the Artemisia  annua  rootstock could 
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improve the drought resistance of chrysanthemum 
and reduce the  dry mass loss under DS. Brassi-
nolide  has  a  positive effect on mitigating the  DS 
by regulating the RWC, PN, Chl fluorescence param-
eters, Rubisco activity, H2O2 and AsA-GSH cycle 
in the own-root and grafted-root chrysanthemums. 
Brassinolide improved the  RWC, PN, Fv/Fm, ΦPSII, 
activity of Rubisco, APX, GR, MDHAR and DHAR, 
AsA/DHA and GSH/GSSG, and reduced the H2O2 
content in  the own-root and grafted-root chrysan-
themums under DS. These advantages could alleviate 
the detrimental effect of the DS on the chrysanthe-
mum growth. As a result, the dry mass of the BL line 
was significantly higher than that of the correspond-
ing non-BL line under DS, although BL ameliorat-
ed the  parameters in  all the  chrysanthemum lines 
under the DS and WW conditions, and the change 
in magnitude of  the parameters was greater in  the 
own-root line than in  the corresponding  grafted-
root line. The Artemisia annua rootstock or BL sig-
nificantly alleviated the detrimental effects of the DS 
on the photosynthetic capacity and AsA-GSH cycle 
in  the chrysanthemum, however, those positive ef-
fects were more significant when the Artemisia an-
nua rootstock and BL were applied together. 
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